Contemporaneous associations between circulating maternal organochlorines (OCs) and measures of fetal heart rate and motor activity were evaluated. A panel of 47 OCs, including pesticides and polychlorinated biphenyls (PCBs), was analyzed from serum of 50 pregnant women at 36 weeks gestation. Data were empirically reduced into four factors and six individual compounds. All participants had detectable concentrations of at least one-quarter of the assayed OCs and, in general, higher socioeconomic level was associated with higher OC concentrations. Fetal heart rate measures were not consistently associated with maternal OCs. In contrast, one or more indicators of greater fetal motor activity were significantly associated with higher levels of the DDT and low chlorinated OC factors and five of the six individual compounds (heptachlor epoxide, trans nonachlor, oxychlordane, and PCBs 18 and 52). This preliminary demonstration of associations between fetal motor activity and maternal concentrations of persistent and pervasive environmental contaminants suggests that fetal assessment may be useful in ascertaining the potential early effects of these compounds on development.
INTRODUCTION
A substantial body of evidence has accumulated suggesting that maternal exposure during pregnancy and/or mobilization of bioaccumuled lipophilic compounds in maternal tissue to pesticides [1] [2] [3] and polychlorinated biphenyls (PCBs) [4] [5] [6] has deleterious effects on offspring development. Efforts to identify adverse outcomes of prenatal exposures have focused on measurement of postnatal neurodevelopmental indicators as persistent expressions of underlying neural disruption to the developing fetal brain at the time of the exposure. 7 However, interpretation of associations generated by observational studies in human populations can be clouded by the degree to which prenatal and postnatal exposures covary, and characteristics of the child-rearing environment that may be linked to both the prenatal exposure and the child development outcome. 8 In general, the more distal child performance is measured from the prenatal exposure, the greater the need for reliance on statistical controls to mitigate the influence of potential confounders introduced in the postnatal environment.
This issue can be circumvented, to some extent, by beginning the process of measuring neurodevelopment in vivo during the time of exposure. Although measuring the fetus provides different challenges than those inherent to measuring the child, quantification of the most conspicuous expressions of fetal neurodevelopment is possible. The developmental progressions of patterns of fetal heart rate and motor activity, in particular, have been well documented. Measurement of phasic or non-phasic features of heart rate patterns in infancy and childhood has had a distinguished history in developmental science as marker of physiological regulation of the autonomic nervous system and its correspondence to performance and behavior. [9] [10] [11] [12] [13] Fetal heart rate, along with variation in rate, is the most accessible and studied aspect of fetal functional development. As gestation advances, fetal heart rate declines as metrics of variability increase. [14] [15] [16] [17] These trajectories have been attributed, in part, to increased parasympathetic innervation of the heart. 18, 19 Measurement of a specific component of variability expressed as episodic and selflimiting surges or accelerations in heart rate is central to clinical antepartum assessment. 20 After 28 weeks gestation, characteristics of fetal heart rate, including baseline variability and accelerations, are significantly predictive of temperament characteristics in infancy 11, 21 and developmental outcomes through the third year of life. 22, 23 Similarly, motor activity is a key developmental parameter and marker of individual differences in both the fetus and child. Greater inhibitory control of motor activity is considered to be a hallmark of early child development. 24 Fetal motor activity is not as readily measured or consistently defined as fetal heart parameters, but also develops in predictable ways. 15, 25, 26 Spontaneously generated movements can be observed in the late embryonic/early fetal period, 27 and over gestation motor activity patterns coalesce into bouts of rest and activity that correspond to heart rate changes. 28 Describing developmental trends in motor activity can be challenging due to variation in movement criteria across studies. 29 In general, the number of movements declines slightly during the second half of gestation, while duration and amplitude or vigor increases. 25, 26, 30, 31 There is wide inter-individual variability in fetal motor activity 32 and although evidence is limited, more active fetuses tend to become more active infants 21, 33, 34 and young children. 35 Lack of sufficient motor activity or a decline in its expression is a source of clinical obstetric concern. 36 There is general consensus that these indicators provide information on development of the fetal nervous system. [37] [38] [39] Two types of studies support this position. One compares fetal heart rate and/or motor activity in normally developing fetuses to those with conditions or exposures that affect postnatal function. This includes congenital anomalies related to the nervous system, 40, 41 intrauterine growth restriction, 42, 43 maternal diabetes, 44 and pharmaceutical chemical exposures, including SSRIs 45 and opioids. 46 The second type of study evaluates acute effects of experimentally manipulated exposures, for example, alcohol, 47 cigarette smoking 48 or methadone. 49, 50 Together, this research has been referred to as ''fetal behavioral teratology''. 51 The current study applies fetal neurodevelopment methods to the long-standing interest in documenting potential effects on postnatal child development as a result of prenatal exposures to environmental contaminants. 52 The human fetus is well exposed to these compounds. Maternal circulating levels of organochlorines (OCs) are highly correlated with those measured in umbilical cord blood. 53, 54 OC pesticides and PCBs are present in placental tissue 55, 56 and, importantly, are detectable in amniotic fluid, 57 which is continually swallowed and excreted by the fetus. This pilot study evaluates whether there are detectable associations between contemporaneous maternal OC levels and fetal heart rate patterns and motor activity near the end of pregnancy. Data were collected during the 36 th week of pregnancy to allow maximal opportunity for maturation of both fetal heart rate and motor development.
METHODS

Participants
Participants were 50 normotensive, non-smoking women with normally progressing pregnancies carrying singleton fetuses. Recruitment was conducted principally through self-referral based on flyers posted in the local academic and hospital communities. However, to ensure distribution across a range of socioeconomic strata, targeted recruitment was also directed at Medicaid-eligible pregnant women recruited through solicitation at a prenatal clinic serving an urban community. Sociodemographic characteristics are presented in Table 1 . As expected, women in the lower socioeconomic status (SES) group were significantly younger, less educated, had lower income, and were less likely to be married than women in the upper SES group. Most women in the upper SES group lived in suburban (53.8%) or rural (15.4%) locales, whereas almost all (95%) women in the lower SES women lived in the urban center (X 2 ¼ 19.8, Po0.001) in the vicinity of the recruitment hospital. With one exception, all offspring were delivered at term of normal birth weight, with 5-min Apgar scores48, and without postnatal complications (Table 1) . One neonate had undetected prenatal growth restriction (i.e., term delivery but less than 2500 g; low SES group) and was excluded from the analysis. The project was approved by the University Institutional Review Board and all women provided written consent.
Procedure
Data were collected during the 36 th week of gestation. Prenatal visits were scheduled at 1330 hours and women were instructed to eat 1.5 h before the visit but not thereafter. Women were positioned in a modified left lateral recumbent position. A brief ultrasound scan was administered to determine optimal transducer location, followed by 50 min of undisturbed monitoring and recording. Upon completion, blood samples were collected by venipuncture (20 ml), allowed to clot at room temperature for at least 1 h, and then centrifuged. At the time of specimen collection, women had been fasting for B2. 
Fetal Data Collection and Analysis
Fetal data were generated by a Toitu (MT320) fetal actocardiograph. This monitor detects fetal movement and fetal heart rate with a single wide array transabdominal Doppler transducer and processes this signal through a series of autocorrelation techniques. The actograph detects fetal movements by preserving the remaining signal after band-passing frequency components of the Doppler signal that are associated with FHR and maternal somatic activity. Reliability studies comparing actographbased versus ultrasound visualized fetal movements have found the performance of this monitor to be highly accurate in detecting both fetal motor activity and quiescence. [58] [59] [60] Fetal data were collected from the output port of the monitor and digitized at 1000 Hz through an internal A/D board using streaming software. Off-line processing of fetal data, including application of algorithms to interpolate fetal heart rate for segments with artifact, was accomplished through customized software (GESTATE; James Long Company). Extracted cardiac measures include fetal heart rate, fetal heart rate variability, calculated as the s.d. of fetal heart rate values per period, and the magnitude (i.e., area under the curve) of episodic accelerations in fetal heart rate identified using standard clinical parameters as each time fetal heart rate values attained 10 b.p.m. above baseline for greater than or equal to 15 s. Fetal movement data represent raw voltage values generated from the actograph, calibrated by multiplying by a conversion factor with adjustment for offset, and scaled from 0 to 100 in arbitrary units (a.u.s). Fetal motor activity was quantified in three primary ways. The overall fetal movement signal during the recording was measured by averaging the signal values per minute and weighting each by squaring to amplify the signal-to-noise ratio (total movement). Individual movement bouts were identified each time the actograph signal attained amplitude of 15 units and ended when there was a cessation of 15 unit signals for at least 10 s. The area under the curve for each movement was taken and averaged (movement size). Finally, the total time the fetus spent moving during the observation period was computed by multiplying the number of movements by the mean duration of each in seconds (time moving). Sample digitized fetal heart rate and motor data are presented in Figure 1 .
Laboratory Methods for Chemical Analyte Analysis
Serum samples were tested for 11 pesticides and 36 polychlorinated biphenyl (PCB) congeners chosen based on a previously described method. 61 Briefly, 1 ml of serum was spiked with isotopically labeled analogs of each OC pesticide and PCB of interest. The serum samples were dispersed over hydromatrix, lyophilized to remove residual water, and statically extracted under pressure at high temperature (i.e., pressurized fluid extraction) using dichloromethane and hexane. The concentrated residues were further cleaned using gel permeation chromatography to eliminate residual biogenic material. The final concentrated extracts were analyzed using gas chromatography-high-resolution mass spectrometry with isotope dilution quantification. Quality control materials and blank samples were included in each run to ensure valid sample analysis. Limits of detection (LODs) were in the low pg/g range with relative s.d.o15%. Total cholesterol and triglyceride concentrations were determined using commercially available enzymatic methods. Measurements with concentrations below the LOD were imputed based upon the average LOD of each analyte, replacing the concentration with a value equal to the LOD divided by the square root of 2. 62 Owing to the lipophilic nature of these OC compounds, analyte concentrations were adjusted by the maternal total serum lipid concentration. 63 
Statistical Analysis
Given the large number of OCs relative to the small sample size, we adopted an empirical approach to data reduction. Principal component analysis (PCA) and factor analysis, using the PCA and FACTOR commands in Stata 11 (College Station, TX, USA) were used to generate factors of analytes that displayed collinearity, consistent with data reduction methods used in other studies of maternal PCB and pesticide burden. 64, 65 The compositions of the final factors were based on iterative evaluation. Scores then were created for each factor based on the PCA components that had loading scores Z0.50. Quartiles for each component analyte were added, and the sum divided by the number of components in that factor, thereby assigning equal weight to each component. Analytes that did not load on any factor, had detectable concentrations Z0.1 pg/g, and were present at detectable levels in greater than 85% of the sample were analyzed individually. Kruskal-Wallis equality of populations rank tests Figure 1 . Example of 8-min segment of digitized fetal heart rate and fetal movement data in a 36-week fetus. The figure reflects periods of fairly brief movements (i.e., at minutes 16.5, 20, and 23) against a background of quiescence associated with self-limited accelerations in fetal heart rate.
were used to compare exposure levels between sociodemographic groups. Owing to the exploratory nature of this project, we elected to use a simple bivariate approach to the primary analyses of associations between exposures and fetal heart rate and motor measures focused on Pearson correlation coefficients with standard two-sided significance testing. We adjusted for multiple comparisons using a false discovery rate (FDR) approach, and we allowed for a FDR of 20% due to the exploratory nature of the study. Preliminary analyses revealed that data from one fetus included significant artifact from persistent hiccups, which affect fetal heart rate 66 and introduce artifact into the fetal movement signal; this case was removed from analyses between maternal OCs and fetal measures.
RESULTS
Principal Components Analysis
One PCB congener (PCB149) was eliminated due to perfect collinearity with PCB151. Twenty-three of the remaining 46 lipidadjusted compounds loaded on four unique factors. These four factors predominantly reflected constellations of low (FACTlow), moderate (FACTmid), and highly chlorinated compounds (FACThigh) plus a DDT factor (FACTDDT), and accounted for 80% of the variance. Fifteen of the 23 compounds that did not load on any factor and were detected in fewer than 85% of the samples and two others with very low concentrations (PCB151, PCB 189;o0.1 pg/g) were not examined further. The remaining three pesticides, oxychlordane (OXY), heptachlor epoxide (HEP), and trans nonachlor (TNA) and three PCB congeners (18, 52, 209) were examined individually in the remaining analyses. Table 3 . Significant, positive associations were detected between at least one of the fetal movement measures and FACTDDT, FACTlow, each of the three individual pesticides (HEP, TNA, and OXY), and two of the three individually analyzed PCBs (18 and 52). While associations with FACTmid did not attain significance, the associations were also consistently positive. No associations with either FACThigh or PCB 209 neared or attained significance with fetal movement measures; these are not included in Table 3 .
Multiple Comparisons. We tested 27 associations among fetal movement indicators and OC variables. Allowing for a FDR of 20%, all associations observed at an alpha of 0.1 (Pr0.10) remained significant using this approach.
Socioeconomic Status and OCs. The final column in Table 2 provides results for comparisons between SES groups for the factors, their components, and the remaining compounds. Concentrations for the upper SES group were significantly higher for FACTmid and FACThigh and for each of the unloaded pesticides; FACTDDT displayed a trend-level difference. Because maternal age differed significantly by SES and is a plausible source of the differences in OC exposure, post hoc analyses were conducted with SES groups combined. Older women had significantly higher levels of the mid and high chlorinated factors (FACTmid, r ¼ 0.43, Po0.01, FACThigh r ¼ 0.74, Po0.0001), each individual pesticide (HEP r ¼ 0.31, Po0.05; TNA r ¼ 0.37, Po0.01; and OXY r ¼ 0.46, Po0.001), and a trend level for higher DDT concentrations (FACTDDT, r ¼ 0.27, P ¼ 0.06.). Age was unrelated to individual PCB levels. Evaluation of sociodemographic factors as potential confounders in the observed relations between maternal OCs and fetal measures indicated that neither SES nor maternal age was related to fetal heart rate, variability or motor activity measures. However, acceleration area was significantly reduced in fetuses of lower SES women (t (46) ¼ À 3.05, Po0.01) and negatively related to maternal age (r ¼ À 0.38, Po0.01). Given the association with both dependent and independent measures, controlling for SES and maternal age eliminated the significant and near significant associations between acceleratory area and the four OCs noted above.
DISCUSSION
This pilot study provides evidence for modest, but significant, positive associations between prenatal maternal OC levels and fetal motor activity. Findings are based on a sample of women with normally progressing pregnancies drawn from populations without specific occupational or agricultural exposures. Consistent with a recent report of the persistent nature of these chemical analytes in the blood of pregnant women in the United States based on NHANES 2003-2004 data, 67 all 50 participants had detectable concentrations of at least one-quarter of the analyzed OCs despite the fact that they have been banned for over three decades. Our data were generated by the same laboratory that analyzed the NHANES data, and of the analytes reported both here and in that report (i.e., hexachlorobenzene, p,p 0 -DDE, PCBs 118, 153, 138-158 and 180), geometric concentrations in the current study were somewhat higher for all analytes except PCB138-158. All participants resided in the Baltimore metropolitan area at the time of assessment. Urban and suburban populations may be exposed to persistent OC compounds from environmental sources, 68 and a number of banned OC compounds were detected in the airshed 69 and watershed of the local Chesapeake Bay region during the late 1990s and early 2000s.
Higher concentrations of seven of the ten individual or aggregated OC compounds evaluated in this study were positively associated with one or more measures indicative of greater or more vigorous fetal motor activity. This includes the low chlorinated factor, comprised of hexachlorobenzene and two PCB congeners, the DDT factor, all three individual pesticides and two of the three individually analyzed PCBs. What does this portend for postnatal development? Few existing studies have measured both prenatal and postnatal activity level, but those that do have reported modest but significant associations between fetal motor activity and motor activity shortly after birth, 34, 70 during infancy 21, 33, 35 and through age 2. 35 Unlike measures of fetal heart rate, fetal activity levels do not necessarily correspond to a continuum of optimality. Although prolonged periods of absent fetal motor activity are clinically ominous, neither high nor low levels within the normal range are considered indicative of ''better'' development, with the exception of two reports that higher fetal motor activity is predictive of more mature infant motor function. 30, 71 Thus, as in the postnatal period, fetal activity level may be best regarded as a dimension of temperament. 72, 73 Nonetheless, worth noting are recent reports of links between prenatal OC exposure and both teacher-rated 74 and laboratorybased performance measures 75 of child behaviors that reflect the continuous temperament dimensions underlying attention deficit hyperactivity disorder (ADHD). However, we caution against making the leap that increased fetal motor activity portends this childhood outcome, as only one report examines this to date. Mothers of children with ADHD reported higher levels of felt fetal motor activity as compared with mothers of control children; however reliance on retrospective maternal recollection of prenatal activity after childhood diagnosis threatens interpretability of this study. 76 Contrary to expectations based on the use of heart rate variability as an index of the development of autonomic regulation in infancy and childhood, significant associations between maternal OCs and fetal heart rate and variability were not detected. This is consistent with the lack of associations reported between prenatal and contemporaneous organophosphate levels and similar heart rate measures during early childhood. 77 Although initial bivariate analyses suggested negative associations between acceleratory magnitude, these associations did not persist when SES and maternal age, which were significantly associated with both the exposures and the outcome variable, were controlled. A larger sample would provide opportunity to better parse the contributing role of each. In addition, our ability to detect associations with fetal heart rate variability per se may be a result of a measurement limitation. Fetal heart rate variable quantification was based on the standard Doppler method available at the time of the study, which detects motion of the fetal heart. More recent technology affords detection and timing of the fetal electrocardiogram (fECG), thereby providing a more precise metric of beat-to-beat variability and may unmask additional associations. This is not the first report of higher OC concentrations in more socioeconomically advantaged women than in less advantaged women. Consistent results have been reported in populationbased cohorts of pregnant women in Spain in the mid 2000s. 78, 79 Analysis of stored serum from a New York City sub-cohort of the National Collaborative Perinatal Project (1959) (1960) (1961) (1962) revealed that pregnant African-American women of higher income levels had higher PCB concentrations than pregnant African-American women with lower incomes. 80 Results based on another New York cohort of primiparous women reported higher DDE and PCB concentrations in Caucasian women than other race/ethnic groups, but also found the Caucasian women were older. 81 Those authors suggested that maternal age might explain the association, as maternal age remained significant in multivariate models, while race did not. 81 Maternal age has also been shown to be associated with higher OC levels in at least two other studies of pregnant women in the United States. 82, 83 Older women have longer and presumably more diverse opportunities to encounter OC sources, and there was an 8-year difference in age between women in the upper and lower SES groups in the current sample. However, as more educated women tend to delay childbearing, variation in maternal OC concentrations between groups reflects a persistent confounder in fetal exposure.
The prenatal period is not monolithic; neuromaturation commences early in gestation and is expressed through more complex differentiation of function over time. The cross-sectional design of this study cannot provide information on whether these associations, if real, are the result of acute or more persistent alterations to the developing fetal nervous system. Moreover, because data were collected near the end of pregnancy, it is not possible to identify when maternal OCs exert biological influence, the degree to which the trajectory of development has been altered, and whether associations with motor activity earlier in development would have been more or less pronounced. In late pregnancy, fetal motor activity is subject to increasing mechanical constraints of the uterus in tandem with increasing fetal size; it is possible that measurement of fetal motor activity earlier in gestation when there is less external constraint may yield larger associations.
These data provide preliminary support for detectable effects of maternal OC exposures on fetal motor activity. Data were collected using digitized actigraphy methodology that eliminates the need for continuous ultrasound visualization. Interpretation is limited by a small sample, which restricted our ability to examine interactions among contaminants or to employ more sophisticated mixture models. Moreover, the lack of specific hypothesis testing makes it difficult to interpret the pattern of significant and non-specific findings between different factors and compounds. Yet, even in animal models that can provide controlled administration of compounds, reports of associations between behaviors-including activity level-with some congeners, but not others, is not uncommon. 84 Given the susceptibility of the developing fetus to environmental exposures, and the amplification of effects over time generated from minor deviations early in development, there is a clear need for better understanding of the effects of OCs and other substances on the developing fetus and child. 85 Data collection on the fetus can provide a window into the early potential effects of these compounds on neurodevelopment and may be useful in efforts to advance regulatory efforts to protect vulnerable populations.
